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Military  Requirements 
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Clock  for  Very  Fast  Frequency  Hopping  Radio 
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Identification-Friend-Or-Foe  (IFF) 
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Identification-Friend-Or-Foe  (IFF) 
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Effect  of  Noise  in  Doppler  Radar  System 
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Crystal  Oscillator 
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frequency  (and  frequency  stability)  determining  element  in  oscillators. 


Tunability  and  Stability 
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Oscillator  Acronyms 
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Crystal  Oscillator  Categories 
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Crystal  Oscillator  Categories 
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Oven  Controlled  (OCXO) 


Hierarchy  of  Oscillators 
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♦Sizes  range  from  <  5  cm^  for  clock  oscillators  to  >  30  liters  for  Cs  standards.  Costs 
range  from  <  $5  for  clock  oscillators  to  >  $40,000  for  Cs  standards. 

♦Including  the  effects  of  military  environments  and  one  year  of  aging. 
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Oscillator  Circuit  Types  -  Comments 
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OCXO  Block  Diagram 
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Each  of  the  three  main  parts  of  an  OCXO,  i.e.,  the  crystal,  the  sustaining 
circuit,  and  the  oven,  contribute  to  instabilities.  The  various  instabilities 
are  discussed  in  the  rest  of  chapter  3  and  in  chapter  4. 


Oscillator  Instabilities  -  General  Expression 
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me  resonator  s  nali- bandwidth,  and  by  the  sustaining  circuit  an^ 
the  amount  of  power  delivered  from  the  loop  for  larger  offsets. 


Oscillator  Instabilities  -  Sustaining  Circuit 
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Oscillator  Instabilities  -  Tuned  Circuits 
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Oscillator  Instabilities  -  Circuit  Noise 
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Oscillator  Instabilities  -  External  Load 
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The  Piezoelectric  Effect 
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electrades.  The  shear  strain  about  the  Z-axis  produced  by  the  Y-component  of  the 
field  is  used  in  the  rotated  Y-cut  family  which  includes  the  AT,  BT,  and  ST-cuts. 
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Resonator  Vibration  Amplitude  Distribution 
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resonator  surface  is  proportional  to  the  drive  current.  At  the  typical  drive  currents  used  in  (e.g.,  10  MHz) 
thickness  shear  resonators,  the  peak  displacement  is  on  the  order  of  a  few  atomic  spacings. 


Resonant  Vibrations  of  a  Quartz  Plate 
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X-ray  topographs  (21  *0  plane)  of  various  modes  excited  during  a  frequency 
scan  of  a  fundamental  mode,  circular,  AT-cut  resonator.  The  first  peak,  at 
3.2  MHz,  is  the  main  mode;  all  others  are  unwanted  modes.  Dark  areas 
correspond  to  high  amplitudes  of  displacement. 


Unwanted  Modes  vs.  Temperature 

(3  Mhz  rectangular  AT-cut  resonator,  22x21  x  0.552  mm) 
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Activity  dips  occur  where  the  f  vs.T  curves  of  unwanted  modes  intersect  the 
f  vs.  T  curve  of  the  wanted  mode.  Such  activity  dips  are  highly  sensitive  to 
drive  level  and  load  reactance. 
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Mathematical  Description  -  Continued 
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Magnetic  field  effects  are  generally  negligible;  quartz  Is  diamagnetic. 


Infinite  Plate  Thickness  Shear  Resonator 
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Tf,  the  linear  temperature  coefficient  of  frequency,  is  negative  for 
most  materials  (i.e.,  "springs"  become  "softer"  as  T  increases).  The 
coefficient  for  quartz  can  be  +,  -  or  zero  (see  next  page). 


Quartz  Is  Highly  Anisotropic 
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Equivalent  Circuits 
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Equivalent  Circuit  of  a  Resonator 
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Crystal  Oscillator  f  vs.  T  Compensation 
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Resonator  Frequency  vs.  Reactance 
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27CfCo 


Equivalent  Circuit  Parameter  Relationships 
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What  is  Q  and  Why  Is  It  Important? 
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Phase  noise  close  to  the  carrier  has  an  especially  strong 
dependence  on  Q  (S,|,  ©c  1/Q'*). 


Decay  Time,  Linewidth,  and  Q 
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Factors  That  Determine  Resonator  Q 
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Resonator  Fabrication  Steps 
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1974  The  SC-cut  (and  TS/TTC-cut)  predicted;  verified  in  1976 
L982  First  MCXO  with  dual  c-mode  self-temperature  sensing 


Quartz  Resonators  for  Wristwatches 
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These  requirements  can  be  met  with  32,768  Hz  quartz 
tuning  forks 


Why  32,768  Hz? 
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diameters 
08”  diain< 


Chapter  3  References 


3-29 


3-30 


The  Units  of  Stability  in  Perspective 
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Accuracy,  Precision  and  Stability 


Stable  but  Not  stable  and  Accurate  but  Stable  and 

not  accurate  not  accurate  not  stable  accurate 


Influences  on  Oscillator  Frequency 


Idealized  Frequency-Time-Influence  Behavior 
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Instability 


Aging  Mechanisms 
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Typical  Aging  Behaviors 
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observed.  The  above  (computer  generated)  curves  illustrate  the  three  types  of 
aging  behaviors.  The  curve  showing  the  reversal  is  the  sum  of  the  other  two 
curves.  Reversal  indicates  the  presence  of  at  least  two  aging  mechanisms. 


Stresses  on  a  Quartz  Plate 
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stresses 

Localized  stresses  in  the  quartz  lattice  due  to  dislocations,  inclusions, 
other  impurities,  and  surface  damage 


Thermal  Expansion  Coefficient  of  Quartz 
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Force-Frequency  Coefficient 
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Mounting  Force  Induced  Frequency  Changes 

The  force-frequency  coefficient,  Kp  ('F),  is  defined  by  Z’ 
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I  =  0  at  'F  =  61®  for  an  AT-cut  resonator,  and  at  'F=  82®  for  an  SC-cut. 

Min 


Bonding  Strains  Induced  Frequency  Changes 
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When  22  MHz  fundamental  mode  AT-cut  resonators  were  reprocessed  so  as  to  vary 
the  bonding  orientations,  the  f  vs.  T  characteristics  of  the  resonators  changed  as  if  the 
angles  of  cut  had  been  changed.  The  resonator  blanks  were  6.4  mm  in  diameter, 
plano-plano,  and  were  bonded  to  low-stress  mounting  clips  by  nickel  electrobonding. 
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V(t)  =  Oscillator  output  voltage,  Vo  =  Nominal  peak  voltage  amplitude 
8(t)  =  Amplitude  noise,  Vq  =  Nominal  (or  "carrier")  frequency 

0(0  =  Instantaneous  phase,  and  (t)(t)  =  Deviation  of  phase  from  nominal  (i.e.,  the  ideal) 


Impacts  of  Oscillator  Noise 
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Causes  of  Short  Term  Instabilities 
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Shot  noise  in  atomic  frequency  standards 


Time  Domain  -  Frequency  Domain 
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two  waves  is  shown  in  the  time  domain  (b),  and  in  the  frequency  domain  (c).  In  the  time  do¬ 
main,  all  frequency  components  are  summed  together.  In  the  frequency  domain,  signals  are 
separated  into  their  frequency  components  and  the  power  level  at  each  frequency  is  displayed. 


Short-Term  Stability  Measures 


8 


where  T  =  averaging  time,  f  =  Fourier  frequency,  or  "frequency  from  the 
carrier",  and  v  =  carrier  frequency. 


4-19 


Why  Allan  Variance? 
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Is  faster  and  more  accurate  in  estimating  noise  processes 
than  the  Fast  Fourier  Transform. 


4-21 


Time  Domain  Stability 
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*For  OyCx)  to  be  a  proper  measure  of  random  frequency  fluctuations, 
aging  must  be  properly  subtracted  from  the  data  at  long  x’s. 


Power  Law  Dependence  of  ay(T) 
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Typical  x’s  at  the  start  of  flicker  floors  are:  1  second  tor  a  crys 
10^  s  for  a  Rb  standard  and  10^  s  for  a  Cs  standard. 


Spectral  Densities 
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the  RMS  value  of  g2  in  bandwidth  BW  is  given  by  g^  (t)  =  [  Sg(f)  df. 

-rkm.  rr%  ^  ^ 


Pictures  of  Noise 
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ing  to  the  most  common  (power-law)  spectral  densities;  is  an  amplitude  coefficient. 
Note:  since  S^f  =  f^S^jj,  e.g.  white  frequency  and  random  walk  of  phase  are  equivalent. 


Mixer  Functions 
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•  Frequency  multiplier:  When  Vj  =  V2  and  the  filter  is  band-pass  at  2(0i ,  then 

1  ^ 

Vq  =  ^  Aicos(2c0it  +  2^1)  =>  Doubles  the  frequency  and  phase  error. 


Phase  Detector 
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The  low-pass  filter  (LPF)  eliminates  the  second  cosine  term.  Then, 
for  (t)R(t)  « (t)(t)  « 71/2,  V(j)(t)  =  K(t)(t), 

i.e.,  the  phase  detector  converts  phase  fluctuations  to  voltage  fluctuations. 


Phase  Noise  Measurements 


Frequency  -  Phase  -  Time  Relationships 
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MIL-0-5531 OB ’s  definition  of  phase  noise  is  Jjj)  =10  log  [S(|)(f)/2],  where 
the  unit  of  iKf)  is  dBc. 
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if  ^(fm)  i’  Jo  =  1»  Jl  =  l/2<I>(fjj^) ,  Jn  =  0  for  n  >  1,  and 
SSB  Power  Ratio  =  L(f^)  =^^^fni)  =.^(1)1^^) 
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Types  of  Phase  Noise 
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(Sideband  Frequency) 
(Offset  Frequency) 
(Modulation  Frequency) 


Noise  in  Crystal  Oscillators 
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slope  can  be  very  high,  so  the  noise  due  to  T  fluctuations  will  also  be  very  high,  e.g.,  lOOx  degradation  of 
ay(T)  and  30  dB  degradation  of  phase  noise  are  possible.  Activity  dips  can  occur  at  any  T. 


Low-Noise  SAW  and  BAW  Multiplied  to  10  GHz 

(in  a  nonvibrating  environment) 
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Offset  frequency  in  Hz 
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Effects  of  Frequency  Multiplication 
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Quartz  Wristwatch  Accuracy  vs.  Temperature 
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"Cold"  Temp.  "Hot" 

The  crystals  are  cut  so  that  the  zero  temperature  coefficient  is  at  25°C.  This  has  been  found  to  provide  the  highest  probability  of 
accuracy,  based  on  the  typical  durations  and  temperatures  while  the  watch  is  on  the  wrist  and  while  it  is  off  the  wrist. 


Frequency  vs.  Temperature  Characteristic 
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SC-cut  resonators.  The  upper  and  lower  turnover  points  (UTP  and  LTP) 

•  .  df(T)  .  .  d^f(T) 

are  the  points  where  =  0.  The  inflection  point  is  where  —  ^ 

The  inflectiai  tempeiatuies  are  =  26°C  fw  AT-cuts,  and  «  to  105°C  for  SC-cuts. 


Resonator  f  vs.  T  Determining  Factors 
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Desired  f  vs.  T  for  SC-cut  Resonator 
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OCXO  Oven’s  Effect  on  Stability 


Oven  Parameters  vs.  Stability  for  SC-cut  Oscillator 

Assuming  Tj  -  Tltp  =  10°C 


Ti  -  Tltp  = 
10°C 

Oven  Cycling  Range 
(mlilidegrees) 

10 

1 

0.1 

6.01 

Ovon  Offset 
(mlilidegrees) 

100 

4  X  10"^* 

4  X  10'^® 

4  X  10"’® 

4  X  10"’® 

o 

6  X  10’^« 

4  X  10"^^ 

4  X  10"’* 

4  X  10"’® 

- 

2  X  10'^® 

6  X  10"’® 

4  X  10"’® 

4  X  10"’^ 

0.1 

2  X  10”^® 

2  X  10"’® 

6  X  10"’^ 

4  X  10"’® 

o 

2  X  10"^® 

2  X  10"’® 

2  X  10"”" 

2  X  10"’® 

A  comparable  table  for  AT  and  other  non-thermal-transient  compen¬ 
sated  cuts  of  oscillators  would  not  be  meaningful  because  the  dynamic 
f  vs.  T  effects  would  generally  dominate  the  static  f  vs.  T  effects. 
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Oven  Stability  Limits 
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Effects  of  Harmonics 
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Warmup  of  AT-  and  SC-cut  Resonators 
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TCXO  Thermal  Hysteresis 


4-46 


14  DAYS 


7 


off  and  on.  In  (b),  the  oven  was  kept  on  continuously  while  the  oscillator 
was  cycled  off  and  on. 
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In  TCXO’s,  temperature  sensitive  reactances  are  used  to  compensate  for  f  vs.  T  variations.  A 
variable  reactance  is  also  used  to  compensate  for  TCXO  aging.  The  effect  of  the  adjustment  for 
aging  on  f  vs.  T  stability  is  the  "trim  effect."  Curves  show  f  vs.  T  stability  of  a  "0.5  ppm  TCXO,"  at 
zero  trim  and  at  ±6  ppm  trim.  (Curves  have  been  vertically  displaced  for  clarity.) 


Why  the  Trim  Effect? 
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Compensating  Cl  vs.  T 


Activity  Dips 


4-50 


Activity  dips  in  the  f  vs.  T  when  operated  with  an  without  load  capacitors.  (Curves  have 
been  vertically  displaced  for  clarity.)  Dip  temperatures  are  a  function  of  Cl  ,  which 
indicates  that  the  dip  is  caused  by  a  mode  (probably  flexure)  with  a  large  negative 
temperature  coefficient.  See  also  "Unwanted  Modes  vs.  Temperature"  in  Chapter  3. 


Xfl 


0 

0 


4-50a 


>0.0 Ig  in  buildings  as  trucks  pass  by,  heavy  equipment  is 
moved,  boxes  are  dropped,  etc.  [0.02g  x  lO'Vg  =  2  x  10*'*] 


Effect  of  Load  Capacitance  on  f  vs. 
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Frequency  vs.  Drive  Level 


(eOI  syBd)  9§ui2q3  Xousnbsjj 
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Crystal  Current  (p  amps) 


Amplitude  -  Frequency  Effect 
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Frequency 

At  high  drive  levels,  resonance  curves  become  asymmetric  due  to 
the  nonlinearities  of  quartz. 


Drive  Level  vs.  Resistance 


(mA) 


Second  Level  of  Drive  Effect 
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un  again  increasing  me  arive,  mere  is  a  tenaency  tor  the  magnitude  ot  the  ettect 
to  decrease,  but  in  a  very  irregular  and  irreproducible  manner.  The  effect  is 
usually  due  to  particulate  contamination,  loose  electrodes,  or  other  surface  defects. 


Acceleration  vs.  Frequency  Change 
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Frequency  shift  is  a  function  of  the  magnitude  and  direction  of  the 
acceleration,  and  is  linear  with  magnitude  up  to  at  least  50  g’s. 


2-g  Tipover  Test 

(Af  vs.  attitude  about  three  axes) 
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Sinusoidal  Vibration  Modulated  Frequency 
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Acceleration  Levels  and  Effects 


* 
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*  Levels  at  the  oscillator  depend  on  how  and  where  the  oscillator  is  mounted. 
Platform  resonances  can  greatly  amplify  the  acceleration  levels. 

Building  vibrations  can  have  significant  effects  on  noise  measurements. 


Acceleration  Sensitivity  Vector 
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Acceleration-sensitivity  is  a  vector,  i.e.,  the  acceleration-induced  frequency  shift  is 
maximum  when  the  acceleration  is  along  the  acceleration-sensitivity  vector;  Af  =  P 


Vibration-Induced  Allan  Variance  Degradation 
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0.001  0.01  T(sec) 


Vibration-Induced  Phase  Excursion 


4-62 


4-63 
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Sine  Vibration-Induced  Phase  Noise 
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Random  Vibration-Induced  Phase  Noise 

Random  vibration’s  contribution  to  phase  noise  is  given  by: 
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1,000  -113 

10,000  -133 


Random-Vibration-Induced  Phase  Noise 

Phase  noise  under  vibration  is  for  F  =  1  x  10“^  per  g  and  f  =  10  MHz 
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Offset  Frequency  (Hz) 


Acceleration  Sensitivity  vs.  Vibration  Frequency 
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The  acceleration  sensitivity,  F,  can  be  calculated  from  the  vibration  induced  sidebands. 

In  an  ideal  oscillator,  F  vs.  would  be  a  constant,  but  real  oscillators  exhibit  resonances. 
In  the  above  example,  the  resonance  at  424  Hz  resulted  in  a  17-fold  increase  in  F.  The 
preferred  test  method  includes  measurement  of  F  at  a  number  of  vibration  frequencies  in 
order  to  reveal  resonances. 


Acceleration  Sensitivity  of  Quartz  Resonators 

Resonator  acceleration  sensitivities  range  from  the  low  parts  in  10^°  per  g  for  the 
best  commercially  available  SC-cuts,  to  parts  in  10”^  per  g  for  tuning-fork-type  watch 
crystals.  When  a  wide  range  of  resonators  were  examined:  AT,  BT,  FC,  IT,  SC, 
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OFFSET  FROM  CARRIER  (Hz) 


Coherent  Radar  Probability  of  Detection 
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(at  70  Hz  from  carrier,  for  4  km/h  targets) 


Vibration  Isolation 
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Forcing  Freq.  /  Resonant  Freq. 


Vibration  Compensation 
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Crystal  Being  Vibrated 


Vibration  Sensitivity  Measurement  System 
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Radiation -Induced  Frequency  Shifts 
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Idealized  frequency  vs.  time  behavior  for  a  quartz  resonator  following 
pulse  of  ionizing  radiation. 


Effects  of  Repeated  Irradiations 
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Dose,  rad (8103) 


Radiation  Induced  Af  vs.  Dose  and  Quartz-Type 
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Annealing  of  Radiation  Induced  f  Changes 
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Activation  energies  were  calculated  from  the  temperature  dependence  of  the 
annealing  curves.  The  experimental  results  can  be  reproduced  by  two  processes, 
with  activation  energies  Ej  =  0.3  ±0.1  eV  and  E2  =  1 .3  ±  0.3  e V. 

Annealing  was  complete  in  less  than  3  hours  at  >  240®C. 


Transient  Af  After  a  Pulse  of  y  Radiation 
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Effects  of  Flash  X-rays  on  R 
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The  curves  show  the  series  resonance  resistance,  Rg,  vs.  time  following  a 
4x10"^  rad  pulse.  Resonators  made  of  swept  quartz  show  no  change  in  Rg  from 
the  earliest  measurement  time  (1  ms)  after  exposure,  at  room  temperature.  Large 
increase  in  Rg  (i.e.,  large  decrease  in  the  Q)  will  stop  the  oscillation. 


Frequency  Change  due  to  Neutrons 
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Curve  shows  the  nearly  linear  increase  in  resonant  frequency  of  a  crystal  unit  as 
a  function  of  reactor  irradiation.  At  other  fluences,  the  slopes  are,  for  example, 
8  X  10-2i/n/cm2  at  lO’Oto  10i2n/cm2,  and  5  x  10-2Vn/cm2  at  10*2  to  10i3n/cm2 


Neutron  Damage 
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to  rest.  Most  of  the  damage  is  done  by  the  recoiling  atoms.  Net  result 
is  that  each  neutron  can  cause  numerous  vacancies  and  interstitials. 
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subsequent  uradiations. 

•  At  doses  <100  rad,  f  change  is  not  well  understood.  Radiation  induced  stress  relief  and  surface  effects 
(adsorption,  desorption,  dissociation,  polymerization  and  charging)  may  be  significant. 


Summary  -  Pulse  Irradiation  Results 
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Summary  -  Neutron  Irradiation  Results 
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Interactions  Among  Influences 
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Hydrothermal  Growth  of  Quartz 


CS 


CD 

5 

CX  (D 

E  ^ 

O 

(D 

<—•  ^ 

^  o 

C/D  N 
^  r- 

O  ^ 

o  "B 

^  ^  n 


'-S  ^  ^ 


a> 

JS 


c  H 

•  1-H  *' 


0)  S 

X3 

S  ^ 

K  A  c/3 


'E 

C/D 


4-h 

o 

C/D 

0) 

o 

C/D 

C  C/D 

•F-4  *1 

r"!  Cd 

^  C/D 

TO  o 

-o  ii 

a>  bJO 

^  G 

00  .G 

(D  ^ 

cE  3 
H  o 

A  N 


(N 


00 

G 

CD 

00 

cd 


N 


4-(  3 

o  cr 

00  < 


00 

•l-H 

00 

G 

O 

o 


00 
O 

I 

_  <u 

g  1 

•E  I 

5 

c  o 

(D  C/D 

JZ  (D 

^  0) 


o 
a  o 

£  2 

“  § 

00  O 

0)  OO 

J— •  , 

Ou 

mMnnA  CI« 

= 

C3  CJ 

00  2l 
(U  O 
tH  m 

1  " 

2  3 

0)  o 

D.  ^ 
C  c3 

B  ^ 

!> 

jC  o 

^  'a 


u 

o 

o 

•  y>m 

CX 

>% 

■i—t 

00 


*  r«. 

C/D 

aa 

o 

x: 

a. 

00 

$  ^ 
^  2 


m 


o 

^  bD  C/D 

I 

o  ^ 
0) 

c^  f«G 

-X  4-* 


_o 

CO  (D 
<D  CO 

>  cS 

9  ^ 


G 

O 

CO 


G 

<D 

•c 

4-> 

G 

G 


"g"  55 
E  o 

2  ^ 
CX  T5 

CO  G 


CD 

> 


5«1 


Left-Handed 


Quartz  Properties’  Effects  on  Device  Properties 


CO 

CO 

(D 

CO 

•  1-H 

;h 

0 

<D 

G 

•  tH 

4h 

CO 

cd 

43 

>> 

4-J 

Ph 

•  tH 

rv 

■§ 

• 

•  fH 

CO 

43 

cd 

p 

4-» 

CO 

e 

s 

W) 

«3 

1 

P 

t3 

•V 

Vh 

0 

<D 

43 

CO 

•  1*^ 

Vx 

0 

0 

r-H 

2 

0 

0 

CO 

CO 

0 

(D  (D 

^  t> 

^  2 

^  U 

c/3 

C 

"S 

S3  H< 
■a  ^ 

O  w 

■5  -S 

a  rH 

1  -S 


W) 

a  ^ 

‘S 

CO  Cd  ty. 

^  .y 

o  -5 
.  o  53 
S  t£  ^ 

^  o  o- 
o  ^ 
^  a.S 

o  £P 

3  -H  . 

O  S  W) 
'S  tu)  c 

-  2  s 

4^  43  CO 

rS  *0 

5  2 

^  'S  IrJ 

D  Oh  2^ 

^  n-t  2^ 

>  ^  ^ 
CO  cd  O. 


H-l  O^ 

•'  .  ^ 
o 

Ph  . 
ffi 

<  o 


S  a 

to  •§ 

U  w 


5 


Inclusions  High-temperature  processing  and  applica¬ 

tions,  optical  characteristics,  etchability 


Ions  in  Quartz  -  Simplified  Model 


5-5 


Model  shows  the  positions  of  and  alkali  ions  in  the  channels  of  the  quartz  lattice,  and  the 
corresponding  trends  in  the  potential  energy  curves.  Radiation  can  move  ions  from  one  potential  well 
to  another,  thereby  changing  the  elastic  constants,  and  consequently,  resulting  in  a  frequency  change. 


Aluminum  Associated  Defects 
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Hole  trapped  in  nonbonding 
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number  of  etch  channels  that  are  produced  when  quartz  is  etched. 
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Time 


Quartz  Quality  Indicators 
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Infrared  Absorption 
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*  In  millions,  at  5  MHz  (a  is  a  quality  indicator  for  unswept  quartz  only). 


Quartz  Twinning 
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Twinning  -  Axial  Relationships 
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and  hand  of  twinned  crystals.  The  arrows  indicate  the  hand. 
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Quartz  Inversion 
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Phase  Diagram  of  Silica  (Si02) 
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Q  times  the  frequency  is  a  constant,  16  x  10^  for  AT-cut  resonators,  when  f  is  in  MHz. 
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merging/improving  Technologies 
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Comparison  of  SC  and  AT -cuts 
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Lateral  Field  Resonator 
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#  Potentially  higher  Q  (less  damping  due  to  electrodes  and  mode  traps) 

•  Potentially  higher  stability  (less  electrode  and  mode  trap  effects,  smaller  C^) 


Microcomputer  Compensated  Crystal  Oscillator 

(MCXO) 
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MCXO  -  Description  of  Operation 
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MCXO  -  Description  of  Operation,  Cont’d 
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MCXO  -  Pulse  Deletion  Method 
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diagram  -  pulse  deletion  method. 


MCXO  -  PLL  Frequency  Summing  Method 
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Microcomputer  compensated  crystal  oscillator  (MCXO)  block 
diagram  -  phase-locked-loop  frequency  summing  method. 


MCXO-TCXO  Resonator  Comparison 
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Rubidium  -  Crystal  Oscillator  (RbXO) 
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RbXO  Principle  of  Operation 
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irom  me  rest  or  me  KbAU  so  mat  me  manpacK  can  operate  wim  minimum  size,  weig 
and  power,  and  with  nearly  the  accuracy  of  the  RFS  for  the  duration  of  a  mission.  An 
MCXO  can  replace  the  OCXO  for  even  lower  power  consumption. 


Accuracy  vs.  Power-Requirement* 

(Goal  is  to  move  the  technologies  toward  the  upper  left) 
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_ jpower  (w ; _ 

Accuracy  vs.  size,  and  accuracy  vs.  cost  have  similar  relationships. 
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*  There  are  two  important  reasons  for  including  this  section:  1.  atomic  frequency  standards  are  one  of  the  most 
important  applications  of  precision  quartz  oscillators,  and  2.  those  who  study  or  use  crystal  oscillators  ought  to  be 
aware  of  what  is  available  in  case  they  need  an  oscillator  with  better  long-term  stability  than  what  crystal 
oscillators  can  provide. 


Precision  Frequency  Standards 
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Atomic  Frequency  Standard  Basic  Concepts 

When  an  atomic  system  changes  energy  from  an  excited  state  to  a  lower  energy  I 
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thermal  velocities,  2)  the  atoms  are  not  isolated  but  expenence  collisions  an 
electric  and  magnetic  fields,  and  3)  some  of  the  components  needed  for 
producing  and  observing  the  atomic  transitions  contribute  to  instabilities. 


Hydrogen-Like  Atoms 
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in  units  of  2,44  x  10^  Oe. 


Atomic  Frequency  Standard 
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those  which  are  least  sensitive  to  environmental  effects  and  which  can  be 
conveniently  locked  to  the  VCXO.  The  long  term  stability  is  determined  by  the 
atomic  resonator,  the  short  term  stability,  by  the  crystal  oscillator. 


Generalized  Atomic  Resonator 
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energy  state,  e.g.,  from  A  to  B.  Thus,  the  applied  microwave  rrequency  can 
the  frequency  corresponding  to  the  atomic  transition. 


Atomic  Resonator  Concepts 


’B  .2 

§(/3 

c 

g  s 

0^  a> 

c  S 

O  Oh 

*3 

S  -c 

2  <i> 
cs  § 

— 
^  T3 

fi  C 

8  § 

<D  (D 

O  ♦ 


G  ti 
C  a> 
cu  -S 

1‘S 

o  00 

X!  <S 
•*-» 

o  o 

<D  B 

O  05 

O  C3 

^  § 

o  ^ 


«  .a 
g  c 

^  P 

>>  is 

g  13 

0)  Vi 

(D 

J3  3 

H  o 


05 

O  _g  o 

’S  *i3 

■*->  ‘I-* 

.22  c 

=  CD  P 

a  iG  ^ 
O  (s  <v 
•Z2  > 

^  .s 
s  s.  ^ 

2  bp  c 

H  CS  4) 

^  B  ^ 

O  *1  3 

o  ■S  lO 

=  05  I 

(u  g  .2 

5  o  "S 

•  rv  G 

’TS  W) 


•SJ  >  § 
^  o  o 

^  'G  G 
G  ^  G 

^  S  <i> 

g  d)  ^ 

e^  *0  O 

g  '3  ^ 

CO  »G 

<D  ^  4D 
^  <D  O 
’2  ^ 

^  rt7 

-H  -^2  _g 

+  g  ^ 

§  f  •§ 
^S| 

CS  CD  B 


G  J3  ^ 
•S  ■•-»  T3 

C3  2 

;=3  S  i=3 

Ph  CD  gn 
05  >  Oh 

05  42  W 

'o  ^  .2 

<U  C  “ 

'  o  -o 

ffp 

0^  G  I 

e  g  u 
w  = 


w  .g 

CNJ 

S-  <-> 
^  c 

<  c 

W  O 

<  & 

P 

>;43 

O 

c^  ^ 

i  s 

o  05 

G  -t- 


’G 

^  i 

2  s 

^  O 
*1-^ 

CO  G 

i  ^ 

S  4) 

•  CO 

X) 

^  o 

'Hh  bp 

'n  c 


&  2 

c  p 

^  — T 
=3  Al 

bO 

Jr5  < 

•§^ 

CO  p 
Vh 

(D  O 

S  'S3 

MM 

H  ♦- 


(D 

G  . 

bO  }^ 

c  5 

•p  o 

•52  ^  S 

<1  o  ^ 
22  o 

®  '2 

o  o^  -b 
fi  'G  O 
.g  05  <u 

G  13 
o  I 

^  B 

^  "G 

g  4-*  CCJ 

05  G  JD 
X)  S  ’g 
O  -g  3 

§3  <N  g 
.G  t3  o 
p  c 
o  c3 

13  'I  s®. 

O  eS  ^ 

-a 

I  § 
fe  -  2 

^  xs  5 

•S  §  *5 

•52  00  }- 

^  0)  G 

r  g  ■§ 
o  5  03 

cri  G  Jil 

G  32 
■S  G  "S 

*5  ’S  X! 

g  O  ^ 

•G  ^  2 

3—05 

2  G  ;sa 

§  1 1 

pg  I  s 


•  Since  atoms  move  with  respect  to  the  microwave  source,  resonance  frequency  is  shifted  due  to 
the  Doppler  effect  (k*v);  velocity  distribution  results  in  "Doppler  broadening";  the  second-order 
Doppler  shift  (1/2  v^/c^)  is  due  to  relativistic  time  dilation. 
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Cesium-Beam  Frequency  Standard 
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Cs  Hyperfine  Energy  Levels 

(F,  mp) 


(zHO)(^3uonb9Jj)  A§i9ug 
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_ at  H  =  _ 

Magnetic  field  dependence  of  the  hyperfine  energy  levels  in  the  ground  state  of  the  cesium  atom 
(nine  in  the  upper  state,  seven  in  the  lower).  The  magnetic  field  is  plotted  up  to  the  value  Tlie  solid 
arrow  represents  the  "clock"  transition;  the  dashed  arrows  depict  the  magnetic-field-sensitive  (Zeeman) 
transitions.  F  is  the  hypeiUne  quantum  number,  and  mp  is  the  magnetic  quantum  number  of  the  atom. 
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Rubidium  Gas  Cell  Resonator 
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Atomic  Resonator  Instabilities 
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Noise  in  Atomic  Frequency  Standards 
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Short-Term  Stability  of  a  Cs  Standard 
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Short-Term  Stability  of  a  Rb  Standard 
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T(seconds) 


Acceleration  Sensitivity  of  Atomic  Standards 
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•  For  fyib  «  fmod>  2fniod>  servo  confused,  ~  Fq,  plus  f  offset 

•  For  small  fyib,  (at  Bessel  function  null),  loss  of  lock.  Fa  ==  F( 


Atomic  Standard  Acceleration  Effects 
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In  H-masers.  cavity  deformation  causes  Af  due  to  cavity  pulling  effect 
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*  Typical  values. 

**  1  gauss  =  lO'"^  Tesla;  Tesla  is  the  SI  unit  of  magnetic  flux  density. 


Crystal’s  Influences  on  Atomic  Standard 
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causes  time  varying  Af’s;  this  effect  is  significant  only  in  the 
highest  stability  (e.g.,  H  and  Hg)  standards. 


Miniature  Optically  Pumped  Cs  Standard 


7-20 


Ls  Standard  ot  1  x  10  accuracy,  and  <1  liter  volume,  i.e.,  about  lOOx 
higher  accuracy  than  a  Rb  standard,  in  about  the  same  volume  (but  not 
necessarily  the  same  shape  factor)  seems  possible. 


Chapter  7  References 
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7-15  Rubidium  Atomic  Frequency  Standard,  Model  FE-5600A  data  sheet,  Frequency  Electronics,  Inc.,  55  Charles  Lindbergh  Blvd., 
Mitchel  Field,  NY  11553. 


Specification 


Oscillator  Comparison 
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Including  environmental  effects  (note  that  the  temperature  ranges  for  Rb  and  Cs  are  narrower  than  for  quartz). 


Accuracy  vs.  Power-Requirement 


Power  (W) 

Accuracy  vs.  size,  and  accuracy  vs.  cost  have  similar  relationships. 


stability  Ranges  of  Various  Frequency  Standards 


1  day  1  month 


Phase  Instabilities  of  Various  Frequency  Standards 
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Typical  One-sided  Spectral  Density  of  Phase  Deviation  vs.  Offset 
Frequency,  for  Various  Standards,  Calculated  at  5  MHz. 


Weaknesses  and  Wearout  Mechanisms 
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Why  Do  Crystal  Oscillators  Fail? 
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Oscillator  Selection  Considerations 
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Crystal  Oscillator  Specification:  MIL-O-55310 
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of  this  specification. 
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Dictionary  Definition  of  "Time" 

(From  The  Random  House  Dictionary  of  the  English  Language,  ©  1987) 
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The  Second 
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Frequency  and  Time 
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Examples  of  frequency  sources:  the  rotating  earth,  pendulum, 
quartz  crystal  oscillator,  and  atomic  frequency  standard. 


Typical  Clock  System 
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T  IS  the  time  interval  being  counted. 


Evolution  of  Clock  Technologies 
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Clock  Errors 
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Clock  Error  vs.  Resynchronization  Interval 
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*  Calculated  for  an  accuracy  requirement  of  25  milliseconds.  Many  modem  systems  need  much  better. 


Accumulated  Time  Error 


Time  Error  vs.  Elapsed  Time 


To  Estimate  the  Accumulated  Time  Error 

0  Estimate  the  initial  frequency  offset  plus  the  average  expected 
offsets  due  to  temperature  and  other  environmental  effects. 

(D  Find  the  time  error  caused  by  the  sum  of  the  offsets. 

(3)  Find  the  time  error  caused  by  the  oscillator’s  specified  aging  rate. 
0  Add  the  results  of  d)  and  (D  to  estimate  the  total  time  error. 
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On  Using  Time  for  Clock  Rate  Calibration 
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Of  course,  if  one  has  a  cesium  standard  for  frequency  reference,  then,  for 
example,with  a  high  resolution  frequency  counter,  one  can  make  frequency 
comparisons  of  the  same  precision  much  faster. 
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by  making  measurements  every  second;  e.g.,  from  1200  s  to  2  x  (1200)^/^  =  225 
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doppler  shifts  of  the  the  transmitted  carrier  frequencies. 


Global  Positioning  System 
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propagation  data;  receivers  select  the  optimum  4  (or  more)  satellites  to 
track.  PPS  (for  DoD  users)  uses  LI  and  L2,  SPS  uses  LI  only. 


Oscillators’  Impact  on  GPS 
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Time  Scales 
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Relativistic  Time  Effects 
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Relativistic  Time  Corrections 
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The  Sagnac  effect,"  (2co/c^)Ae  =  (1.6227  x  10-2is/ni2)A£,  accounts  for  the 
earth-fixed  coordinate  system  being  a  rotating,  noninertial  reference  frame. 


Some  Useful  Relationships 
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One  Pulse-Per-Second  Timing  Signal 

(MIL-STD-188-115) 
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±1  millisecond."  See  next  page  for  the  MIL-STD  BCD  code. 
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*  May  be  followed  by  12  bits  for  day-of-year  and/or  4  bits  for 
figure-of-merit  (FOM).  The  FOM  ranges  from  better  than  1  ns  (BCD 
character  1)  to  greater  than  10  ms  (BCD  character  9). 


Time  and  Frequency  Subsystem 
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The  MIFTTI  Subsystem 

MIFTTI  =  Modular  Intelligent  Frequency,  Time  and  Time  Interval 
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*  The  microcomputer  compensates  for  systematic  effects  (after  filtering  random 
effects),  and  performs:  automatic  synchronization  and  calibration  when  an  external 
reference  is  available,  and  built-in-testing. 
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Time  IS  a  great  teacher,  but  untortunately  it  kills  all  its  pupils . Hector  Berlioz 

Time  goes,  you  say?  Ah  no!  Time  stays,  we  go . Henry  Austin  Dobson 
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Discrete-Resonator  Crystal  Filter 
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Monolithic  Crystal  Filter 
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Frequency 


Surface  Acoustic  Wave  (SAW)  Devices 
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two-port  SAWRs  Cq  does  not  shunt  the  motional  arm  of  the  equivalent  circuit, 
therefore,  two-port  SAWRs  are  preferred  in  many  applications. 


Quartz  Bulk- Wave  Resonator  Sensors 


§ 

Sh 


Y  c/3  W) 

t;  S  -s 

^  s  c 

M  6  S 
■a  o 
S  ^  o 

0)  o 
o  o  ^ 
X  c3  g 

O  W)  g 

l§^ 

3  O  V3 
<D  'g  O 

^  o  ts 


10-5 


Frequency  counting  is  inherently  digital. 


Tuning  Fork  Resonator  Sensors 


10-6 


Photolithographically  produced  tuning  forks,  single-  and  double-ended  (flexural-mode  or 
torsional-mode),  can  provide  low-cost,  high-resolution  sensors  for  measuring  temperature, 
pressure,  force,  and  acceleration.  Shown  are  flexural-mode  tuning  forks. 
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